A Tn5 mutant strain of Sinorhizobium meliloti with an insertion in tpiA (systematic identifier SMc01023), a putative triose phosphate isomerase (TPI)-encoding gene, was isolated. The tpiA mutant grew more slowly than the wild type on rhamnose and did not grow with glycerol as a sole carbon source. The genome of S. meliloti wild-type Rm1021 contains a second predicted TPI-encoding gene, tpiB (SMc01614). We have constructed mutations and confirmed that both genes encode functional TPI enzymes. tpiA appears to be constitutively expressed and provides the primary TPI activity for central metabolism. tpiB has been shown to be required for growth with erythritol. TpiB activity is induced by growth with erythritol; however, basal levels of TpiB activity present in tpiA mutants allow for growth with gluconeogenic carbon sources. Although tpiA mutants can be complemented by tpiB, tpiA cannot substitute for mutations in tpiB with respect to erythritol catabolism. Mutations in tpiA or tpiB alone do not cause symbiotic defects; however, mutations in both tpiA and tpiB caused reduced symbiotic nitrogen fixation.
Triose phosphate isomerase (TPI) catalyzes the reversible interconversion of glyceraldehyde-3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP). This activity makes TPI a key enzyme of central carbon metabolism, allowing it to play a role in the glycolysis (Embden-Meyerhof-Parnas [EMP]), gluconeogenesis, pentose phosphate (PP), and Entner-Doudoroff (ED) pathways. Past research on the symbiotic soil bacterium Sinorhizobium meliloti and other rhizobia has shown that hexose catabolism proceeds through the ED and PP pathways, while the EMP pathway functions at very low levels, if at all (49) . Gluconeogenesis, however, is functional, and mutations in gluconeogenic enzymes have been shown to cause complex symbiotic phenotypes, including reduced or abolished nitrogen-fixing activity (6, 15, 16, 19, 24) .
Recent work has confirmed the roles of the ED and PP pathways as catabolic pathways in S. meliloti. Analyses of carbon flux carried out using labeled carbon compounds and gas chromatography-mass spectrometry have confirmed the absence of the EMP pathway during growth with glucose (17) . Another set of experiments done using labeled carbon and nuclear magnetic resonance is in agreement, confirming that glucose is degraded primarily through the ED pathway (22, 40) . The gas chromatography-mass spectrometry and nuclear magnetic resonance experiments also confirm that some of the G3P produced by the catabolism of hexoses through the ED pathway is converted back to higher-molecular-weight compounds through TPI and fructose bisphosphate aldolase (FBA) in a cyclic pathway. Because FBA requires G3P and DHAP as substrates, the interconversion of G3P and DHAP is necessary for the cyclic metabolism of hexoses as well as gluconeogenesis. An S. meliloti strain missing TPI activity would therefore be compromised metabolically.
Based on gene homology, S. meliloti has two putative chromosomal genes predicted to encode TPI enzymes (18) . The gene tpiA (SMc01023) appears to be transcribed independently, while tpiB (SMc01614) appears to be transcribed along with two other genes: SMc01615 and rpiB. A putative operon upstream of tpiB includes homologs of genes involved in the catabolism of erythritol in Rhizobium leguminosarum and Brucella abortus (45, 50) . The tpiB gene and its proximity to erythritol catabolic genes are conserved in a number of organisms, which led us to hypothesize that tpiB is involved in erythritol catabolism. In this work we describe the isolation and characterization of TPI mutants in S. meliloti. We have found that both tpiA and tpiB encode functional TPI enzymes and that tpiB is induced by and specifically required for erythritol catabolism. Mutations in both TPI genes cause a loss of the ability to use gluconeogenic carbon sources, but viability and growth with other carbon sources or combinations of nonpermissive carbon sources remain possible. Mutations in either tpiA or tpiB alone did not affect symbiosis, while mutations in both TPI-encoding genes were found to cause reduced levels of symbiotic nitrogen fixation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used and generated in this work are listed in Table 1 . Bacteria were grown at 30°C, using either Luria-Bertani broth (LB) or Vincent's minimal medium (VMM), as previously described (43, 44) . All carbon sources used in VMM were filter sterilized and used at a concentration of 15 mM, unless otherwise stated. All sugars were in the D configuration, except L-arabinose, L-fucose, L-rhamnose, and L-lyxose. When required, antibiotics were used at the following concentrations for Escherichia coli: tetracycline (Tc), 5 g ml Ϫ1 ; neomycin (Nm), 200 g ml Ϫ1 ; kanamycin, 20 g ml Ϫ1 ; streptomycin, 200 g ml Ϫ1 ; rifampin (Rf), 50 g ml Ϫ1 ; chloramphenicol (Cm), 20 g ml Ϫ1 ; and gentamicin (Gm), 20 g ml Ϫ1 . Gm was used at a concentration of 50 g ml Ϫ1 for S. meliloti. DNA manipulations and plasmid constructions. Standard techniques were used for DNA isolation, restriction enzyme digests, ligations, transformations, and agarose gel electrophoresis (44).
To construct pNP150, a 350-bp internal fragment of tpiB was PCR amplified using primers 1 and 2 (Table 2 ) and genomic Rm1021 DNA as a template. The PCR product was gel isolated and cloned into pKNOCK-Gm by use of the BamHI and KpnI sites provided by primers 1 and 2. The resulting construct was named pNP150 and was transformed into competent E. coli S17-1.
The plasmid pNP155 was constructed to create a chromosomal tpiA deletion in the strain Rm1021. A 700-bp region upstream of tpiA was PCR amplified from Rm1021 genomic DNA by use of primers 3 and 4 (Table 2), which add the restriction sites NotI and BamHI to the 5Ј and 3Ј ends of the fragment, respectively. This region was cloned into pBluescriptII with NotI and BamHI, yielding pNP152. Similarly, a 660-bp region downstream of tpiA was amplified with primers 5 and 6 (Table 2) , which add the restriction sites BamHI and SalI to the 5Ј and 3Ј ends of the fragment, respectively. The 660-bp fragment was cloned into pNP152 by use of BamHI and SalI, yielding pNP154. A 1,360-bp NotI/SalI fragment was then subcloned from pNP154 into pJQ200SK (42) , and this construct was named pNP155.
In order to constitutively express tpiA and tpiB, both open reading frames were cloned into a broad-host-range vector, pRK7813 (25) . Primers 7 and 8 (Table 2) were used to amplify tpiA from Rm1021, which adds a ribosome binding site (GGAG), an N-terminal RGS(His) 6 tag, and BamHI and EcoRI restriction sites to the gene. Primers 9 and 10 (Table 2) were used to amplify tpiB, adding the same features as tpiA. Both tpiA and tpiB were cloned into pRK7813, yielding pNP166 and pNP167, respectively. Both constructs were sequenced entirely, showing that neither had any deviation in sequence from the published Rm1021 genome (data not shown). 
Genetic techniques and mutant construction. Mutagenesis of Rm1021 with
Tn5 was carried out using pRK602 as previously described (13) . Conjugations between E. coli and S. meliloti were carried out using the mobilizing strain MT616 as previously described (16) . Transduction with phage ⌽M12 (12) was routinely used to move transposon markers from mutant strains into wild-type parent strains, and 50 to 100 colonies were screened to ensure that phenotypes were 100% linked in transduction and therefore associated solely with the transposon insertion.
Construction of the tpiB single crossover mutant SRmA355 was accomplished by conjugating pNP150 into Rm5000. Single crossovers were selected for by plating on VMM agar containing Rf and Gm. The pKNOCK tpiB insertion was confirmed by transductional linkage analysis with a nearby marker (data not shown). The tpiA tpiB mutant SRmA366 was constructed by transducing an SRmA185 ⌽M12 lysate into an SRmA355 background. The chromosomal deletion of tpiA in SRmA449 was constructed by mating pNP155 into Rm1021 and selecting for single crossover events by use of Gm. Several of these were plated onto LB containing 5% sucrose to select for double crossover events. A sucrosesensitive, Gm s colony was purified, and the tpiA deletion was confirmed by PCR amplifying the deleted region with primers 3 and 6 ( Table 2) , sequencing the gel-isolated PCR product, and comparing the result with the expected nucleotide sequence (data not shown). Strain SRmA515 was created by moving the Gm marker from SRmA355 into SRmA449 by use of transduction. The tpiB-complementing cosmid pNP163 was isolated by conjugating an S. meliloti cosmid bank with SRmA515 and plating on a defined medium containing erythritol as a sole carbon source. The cosmid pNP163 was then mutagenized by passage through the Tn5-B20-carrying strain EcA101, selecting for cotransfer of the plasmid and Tn5-B20 into EcA100. Individual cosmids carrying Tn5-B20 were then mated into SRmA515 and screened for loss of the ability to complement growth on erythritol. One such mutagenized cosmid was isolated and shown to contain a mutation in tpiB by use of a protocol described below (data not shown). Marker exchange of the cosmid-borne tpiB mutation into the Rm1021 chromosome was performed as described previously (20), yielding strain SRmA584. The SRmA584 transposon marker was subsequently transferred into SRmA449 by transduction, yielding SRmA585.
Mutant identification. To identify the point of insertion for individual Tn5 mutations, a modification of an arbitrary PCR protocol was utilized, as previously described (32, 41) . Briefly, strains containing Tn5 or Tn5-B20 inserts were purified and the genomic DNA was used as a template. Two sequential PCRs were performed, the first with primers 11 and 12 (Table 2 ) and the second with primers 13 and 14, with the products of the first reaction as the template. The final PCR product was gel isolated and sequenced with primer 13 (Table 2) to locate the point of insertion in the genome.
TPI assays. Enzyme assays were performed on cells grown in rich medium or in defined medium containing succinate, glucose, or erythritol. Cells were grown overnight and resuspended in an extraction buffer containing 100 mM Tris, 5 mM ␤-mercaptoethanol, and 1 mM MgCl 2 at pH 7.6. A French pressure cell (16,000 lb/in 2 ) was used to disrupt cells, with subsequent centrifugation to remove insoluble debris. TPI activity was assayed essentially as described previously (27) . Volumes of cell extract were assayed such that measured rates of activity increased linearly with increasing volume of extract. Specific activities are expressed as nmol NADH oxidized per minute per milligram protein. Protein concentration was measured as described by Bradford, using a protein determination reagent (Sigma) and bovine serum albumin as a standard (7).
Symbiotic competence assays. Plant tests were carried out as described previously (33, 41) . Briefly, surface-sterilized alfalfa seeds (Medicago sativa cv. Rangelander) were sown onto 1.5% water agar plates and left to germinate. Sprouted seeds were then aseptically transferred to pots containing sterile sand and vermiculite with nitrogen-free Jensen's plant nutrient solution (20) . Plants were inoculated with 10 4 to 10 5 bacteria per plant. Plants were harvested 28 to 35 days after inoculation, and dry weights of shoots cut at the cotyledons were used to assess symbiotic competence. Bacteria were routinely isolated from nodules and tested for expected phenotypes. Competition for nodule occupancy was assessed by inoculating plants with a combination of the wild type and the strain to be tested, followed by enumeration of nodule occupants, as previously described (41) .
RESULTS
Analysis of tpiA and tpiB. As part of our ongoing interest in rhamnose catabolism and associated symbiotic phenotypes (34, 43) , we have screened many S. meliloti mutants for the ability to catabolize rhamnose as a sole carbon source. A number of Tn5-induced Rm1021 mutants unable to use rhamnose were isolated, including one strain, SRmA185, which was able to grow slowly only on plates containing rhamnose and unable to grow on glycerol plates. All mutations except for that of SRmA185 were situated in a contiguous chromosomal locus (systematic identifiers SMc02321 to SMc02325 and SMc03000 to SMc03003) (data not shown). This locus was found to be homologous to a rhamnose utilization locus previously reported for R. leguminosarum (43) . An SRmA185 genomic DNA fragment spanning the Tn5 insertion and flanking DNA was amplified with an arbitrary PCR protocol. Sequencing the fragment revealed that the Tn5 insertion was interrupting the putative TPI-encoding gene tpiA (data not shown). The genome annotation of S. meliloti predicts that there are two chromosomal TPI-encoding genes, which have been annotated tpiA1 and tpiA2 (systematic identifiers SMc01023 and SMc01614, respectively) (18) . In this study, we have shown that the two genes encode TPIs but that there is a significant difference in function between them. We are therefore suggesting the names tpiA and tpiB to replace tpiA1 and tpiA2, respectively, as the new names conform more to the standard genetic nomenclature (11) . Our suggested gene names are used throughout the paper.
The gene tpiA is on the S. meliloti chromosome and appears to be isolated rather than transcribed within an operon (Fig. 1) . The gene tpiB is also located on the chromosome and appears to be in a small operon downstream of a large operon which contains homologs of the erythritol utilization genes eryA, eryB, and eryC from B. abortus and R. leguminosarum (45, 50) . Over the course of our characterization of TPI in S. meliloti, strains carrying several independent tpiA and/or tpiB alleles were constructed (Table 1) .
tpiA and tpiB are needed for gluconeogenesis. Wild-type strain Rm1021 and the constructed tpiA and tpiB mutant strains were tested for the ability to grow on a number of types of defined media containing single carbon sources (Table 3) . Mutations in tpiA caused a loss of the ability to utilize glycerol for growth as well as slow growth on rhamnose compared with that of the wild-type parent strain. Mutations in tpiB caused only a loss of the ability to use erythritol as a carbon source. This correlates with the fact that tpiB is situated downstream of a predicted erythritol catabolism operon (Fig. 1) and that tpiBdependent TPI activity is induced by erythritol (Table 4) . Not only does the tpiA tpiB strain have a combination of the phenotypes of tpiA and tpiB strains, but having no TPI genes causes a loss of the ability to utilize fucose, succinate, ␥-aminobutyric acid (GABA), acetate, arabinose, glutamate, and lyxose. Strains with both tpiA and tpiB mutations were able to grow with combinations of nonpermissive carbon sources, such as glycerol and succinate or glycerol and arabinose. This is consistent with the hypothesis that gluconeogenesis occurs through FBA, as the permissive combinations of carbon sources supply both DHAP from glycerol and G3P from arabinose or succinate (3, 16, 49) .
Both tpiA and tpiB encode TPIs. To confirm the predicted TPI functions encoded by tpiA and tpiB, cell extracts were prepared and assayed for enzyme activity. Cells were grown in flasks containing a rich medium or a defined medium with glucose, succinate, or erythritol as the sole carbon source. Due to their inability to grow, extracts were not prepared for SRmA355 (tpiB) with erythritol or SRmA366 (tpiA tpiB) with either erythritol or succinate as the sole carbon source.
Assays for TPI activity indicate that tpiA mutants had less than 10% of wild-type activity when grown in rich medium or defined medium with either glucose or succinate, as shown in Table 4 . However, activity levels were approximately 25% of wild-type activity levels when grown with erythritol. SRmA355 cell extract activity levels were similar to those of the wild type for all growth media tested, while SRmA366 extracts had background levels of TPI activity. Taken together, these data show that both tpiA and tpiB encode TPI enzymes and suggest that tpiA may be constitutively expressed, providing most of the cell's TPI activity, whereas tpiB is induced by erythritol and expressed at low levels under the other conditions tested.
In vivo complementation of tpiA. Because tpiB was identified as a locus necessary for erythritol catabolism and tpiB-dependent TPI activity was induced by erythritol, it was hypothesized that induction of tpiB in a tpiA strain could rescue the ability to grow on glycerol. To test this, SRmA327 was streaked onto a number of plates of defined medium containing 15 mM glycerol and various amounts of erythritol (from 0.1 mM to 5 mM) to determine the lowest concentration of erythritol that could rescue the ability to grow on glycerol. SRmA327 was found to be able to grow as well as Rm1021 with glycerol when supplemented with at least 0.4 mM erythritol. This amount of erythritol alone does not support the growth of S. meliloti on agar plates, and the tpiA tpiB mutant SRmA366 was not able to grow with glycerol supplemented with erythritol. This indicates that tpiB is inducible by erythritol and has in vivo TPI activity with the ability to complement tpiA. Based on these results, it was hypothesized that suppressors to tpiA would easily be isolated with an up-regulated tpiB. Although more than 10 10 SRmA327 cells were plated on media with glycerol as a sole carbon source, we were unable to isolate any suppressors over the course of several independent experiments.
Constitutively expressed tpiA cannot complement tpiB. As both tpiA and tpiB were found to have in vitro TPI activity, we were interested in why tpiB mutants were unable to grow with erythritol as a sole carbon source. To determine if tpiB was directly required for erythritol catabolism, we complemented tpiA and tpiB mutations with constitutively expressed TPI genes. Both tpiA and tpiB were cloned into a broad-host-range vector, pRK7813, such that the genes were constitutively expressed (25) . The resulting plasmids, pNP166 and pNP167, respectively, were mated into various strains and tested for the ability to use glycerol, succinate, arabinose, glutamate, or erythritol as the sole carbon source (Table 5 ). Constitutively expressed tpiB was able to complement tpiA, tpiB, and tpiA tpiB mutants for growth on all of the carbon sources tested. Constitutively expressed tpiA was able to complement the inability of tpiA mutant strains to grow on glycerol and the inability of tpiA tpiB mutants to grow on glycerol, succinate, arabinose, and glutamate. In contrast to tpiB, tpiA did not complement the inability to use erythritol caused by tpiB mutations. This 
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indicates that although tpiA and tpiB have the same enzyme activity, tpiB is specifically required for erythritol catabolism in S. meliloti. We note that when the same experiment was performed with SRmA584 (tpiB) and SRmA585 (tpiA tpiB), pNP167 (tpiB ϩ ) complementation resulted in growth on erythritol that was slower than that of the wild type. We are attributing this to the Tn5-B20 insertion in SRmA584 and SRmA585 being polar on rpiB (Fig. 1) , which has been shown to be necessary for erythritol catabolism in R. leguminosarum (50) . The complementing cosmid containing the genomic DNA surrounding tpiB, pNP163, was able to complement each strain, restoring wild-type growth.
Symbiotic competence phenotypes. R. leguminosarum rhamnose catabolism mutants have previously been shown to have a deficiency in competition for nodule occupancy (34) . It was hypothesized that tpiA mutants would have a similar phenotype, based on their inability to grow with rhamnose at the same rate as wild-type S. meliloti. In addition, there have been many reports of defective symbiosis associated with the inability to use succinate as a sole carbon source (6, 15, 19, 24) , suggesting that tpiA tpiB strains may be unable to symbiotically fix nitrogen or may have only partial activity.
To test the hypothesis that tpiA mutants would be compromised in the ability to compete with the wild type for nodule occupancy, alfalfa were coinoculated with SRmA327 and Rm1021. The relative amount of each strain recovered from nodules was not significantly different from the amount of each strain found in the inoculum (data not shown). Therefore, the ability to compete for nodule occupancy is not compromised in a tpiA strain, under the conditions tested.
Plants inoculated with tpiB strains did not show any significant difference in dry weight compared to that of the wild type. However, plants inoculated with tpiA tpiB strains reached dry weights of approximately 50% that of wild-type-inoculated plants. This reduced nitrogen fixation phenotype is very similar to the phenotype described for the succinate mutant pckA (15, 35) . Dry weights of plants inoculated with Rm5439 (pckA) were not significantly different from those of the tpiA tpiB mutant SRmA585 (data not shown). In order to test whether the reduced nitrogen-fixing phenotype was due to bacteria that had undergone a suppression or reversion event, SRmA585 was isolated from the nodules of plants from one experiment and used as an inoculum in another experiment. SRmA585 isolated from nodules had all of the expected genetic markers and phenotypes intact and resulted in similar plant dry weights for the second experiment, confirming that tpiA tpiB has a reproducible symbiotic phenotype.
DISCUSSION
Despite the central role of TPI in carbon metabolism, very few tpi mutants have been characterized for prokaryotic organisms. In fact, to the best of our knowledge, mutations in tpi have only been described previously for three organisms (2, 31, 37, 52). Of these, two are relatively closely related (2, 37, 52) , and the other is associated with autotrophic growth (31) . Moreover, well-characterized mutations have been studied in only a single case (52) . Given that the number of genome sequences predicting multiple metabolic enzyme activities is increasing, it is imperative that a functional characterization of central metabolic pathways is carried out and not assumed. Our analysis of the two putative S. meliloti genes is only the second study to show two functional tpi genes within any organism and is the first within the Rhizobiaceae. As many organisms do not possess two TPI-encoding genes and their functions were initially unclear, we decided to investigate the physiological roles of tpiA and tpiB.
The enzyme activities we have reported are consistent with tpiA being constitutively expressed, and we hypothesize that tpiA plays primarily a gluconeogenic role (Table 4) . S. meliloti microarray data are consistent with this and have shown that tpiA is expressed at similar levels during growth with glucose, succinate, and rich media and in the bacteroid (4). Our work indicates that tpiB is induced by growth with erythritol and is required for erythritol catabolism. S. meliloti contains homologs of the ery operon, which suggests that erythritol is catabolized to DHAP as it is in B. abortus (47) . We have shown that constitutively expressed copies of tpiA cannot complement the inability of tpiB strains to grow with erythritol (Table 5) . Interestingly, while characterizing erythritol catabolism in B. abortus, Sperry and Robertson (47) noted that TPI activity could not be completely uncoupled from 3-keto-L-erythronate-4-phosphate decarboxylase activity. This is consistent with the possibility of TpiB and the enzyme(s) of erythritol catabolism 
a Grown on VMM media with the given carbon source. Abbreviations: Glc, glucose; Gly, glycerol; Ery, erythritol; Suc, succinate. The symbol indicates the growth phenotype as follows: ϩ, growth same as that of the wild type; Ϫ, no visible growth. forming a metabolic complex. The existence of metabolic complexes and sequential reactions has been proposed for a number of pathways, including glycolysis (48) . Each of the genomes of B. abortus (8, 23) , Brucella melitensis (10), Brucella suis (38) , Mesorhizobium loti (26) , Rhizobium etli (21), R. leguminosarum (51) , and S. meliloti (18) has homologs of tpiA and tpiB. In each case, tpiB is followed by rpiB directly downstream, and in all but the genome of R. etli, tpiB and rpiB are directly downstream of operons containing homologs of the erythritol catabolism genes eryA, eryB, eryC, and eryD. This leads us to hypothesize that tpiB may be necessary for erythritol catabolism in each of these organisms, except for R. etli, which does not grow with erythritol and does not carry the erythritol genes (21, 50) . In addition to our report that tpiB is necessary for growth on erythritol by S. meliloti, this has been confirmed for R. leguminosarum (50) .
The fact that the S. meliloti genome annotation predicts that there are no TPI-encoding genes other than tpiA and tpiB, combined with the observation that TPI activity was essentially depleted in SRmA366 ( Table 4 ), suggests that tpiA tpiB strains are unable to perform gluconeogenesis. This is consistent with the fact that tpiA tpiB strains are unable to grow with carbon sources that require gluconeogenesis (e.g., succinate, GABA, glutamate, arabinose, acetate, erythritol, and glycerol). That the low levels of TPI activity measured in tpiA mutants (Table  4 ) are able to allow gluconeogenic growth was somewhat surprising but is consistent with the report of E. coli tpi revertants growing gluconeogenically with only 5% of wild-type TPI activity (2). Although gluconeogenic growth is possible in a tpiA strain, there does not seem to be enough TPI activity to allow catabolism of glycerol, which is thought to proceed through glycerol kinase and glycerolphosphate dehydrogenase forming DHAP, requiring TPI for further catabolism (3, 49) .
We hypothesized that tpiB would be regulated negatively by the adjacent deoR-type regulator SMc01615. Our inability to isolate spontaneous mutations leading to up-regulation of tpiB by plating on minimal media with glycerol was surprising. The fact that over 10 10 cells were plated and no suppressors were isolated suggests that the regulation of tpiB may not be solely due to negative regulation by SMc01615. We note that the erythritol catabolism operon upstream of tpiB has been shown to be induced by xylitol, adonitol, sorbitol, and erythritol (28) . As tpiB function is required for erythritol catabolism, these two operons may be coordinately regulated, suggesting a regulatory mechanism involving more than one event.
The first mutation in tpiA was isolated by screening for mutants with an impaired ability to utilize rhamnose as a sole carbon source. This led us to test the tpiA mutant for a symbiotic competition defect, as has been reported for rha mutants. Data from three independent experiments showed that there is no difference in nodulation competition between the two strains (data not shown). However, tpiA does not cause a complete loss of the ability to utilize rhamnose as a sole carbon source, so whether rhamnose catabolism mutants of S. meliloti are less competitive than the wild type remains an open question.
Consistent with the reported literature for S. meliloti mutants unable to grow on succinate, the tpiA tpiB mutant was tested and shown to have a compromised symbiotic phenotype. When inoculated on alfalfa, plant dry weights reached less than 50% that of wild-type-inoculated plants, similar to the phenotype of S. meliloti gluconeogenic pckA mutants (15, 35) . As tpiA tpiB strains are unable to perform gluconeogenesis, the fact that symbiotic nitrogen fixation is not abolished suggests that gluconeogenesis is beneficial but not required in symbiosis with alfalfa, possibly due to small amounts of plant-supplied sugar reaching the bacteroid. Consistent with this hypothesis, the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK), encoded by pckA, is not found at detectable levels in S. meliloti bacteroids, although mutations in pckA cause reduced nitrogen fixation (15) . On the other hand, R. leguminosarum bacteroids were found to have PEPCK activity, and a PEPCK-deficient mutant was found to have no difference in symbiosis (29) . Mutations in pckA of the broad-host-range Rhizobium sp. strain NGR234 were found to cause several phenotypes, ranging from Fix Ϫ to low rates of nitrogen fixation, depending on the host species (36) . It has been suggested previously that the strain-and host-dependent differences in severity of symbiotic phenotypes of bacterial gluconeogenesis mutants may be due to differences in peribacteroid membrane sugar permeability (39) .
In this study, we have shown that there are two TPI-encoding genes in the S. meliloti genome with different functions, as tpiA cannot substitute for tpiB. The gene tpiA is hypothesized to be constitutively active in a gluconeogenic role, while tpiB is required for erythritol catabolism by an unknown mechanism. In addition, tpiA tpiB mutants lose the ability to perform gluconeogenesis but retain the ability to symbiotically fix nitrogen at a lower level than the wild type. We are directing our efforts towards understanding the functional difference between tpiA and tpiB which leads to the specificity of tpiB for erythritol catabolism.
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